Fast eating has been shown to increase the risk of overweight in both children and adults. The objectives of the present study were to investigate the correlation between chewing rate and the number of chews per mouthful and to evaluate if they were associated with the weight of meal intake. Thirty healthy subjects, aged 18-24 yr, ate a test lunch at their habitual speed until they felt satiated. The activities of masseter and suprahyoid muscles were recorded to determine the number of chews and the moment of swallowing. The weight of meal intake was recorded along with body mass index (BMI), chewing rate, number of chews per mouthful, meal duration, ingestion rate, hunger, and food preference levels. The mean weight (AESD) of meal intake, chewing rate, and number of chews per mouthful were 261.4 AE 78.9 g, 94.4 AE 13.5 chews min
Fast eating has been shown to be associated with increased body weight in both children (1-3) and adults (4) (5) (6) (7) (8) . This could be a result of reduced number of chews and/or increased chewing rate. An increased number of chews has been shown to increase satiety (9) and to be associated with reduced meal consumption (10, 11) and reduced body weight (12) . The effect of increased chewing rate on food consumption, on the other hand, has been less widely studied. Chewing rate was found not to be different between normal-weight and obese persons (4, 13) and was not related to body mass index (BMI) (14) . It has also been shown that slow chewing increases energy expenditure (15) and improves the ability to detect a foreign object in food (16) .
It is not known if persons who chew less would also chew faster, but in a forced experimental condition, increased number of chews was shown to be associated with increased chewing speed (10) . Both the number of chews and chewing rate might have similar short-term biological effects on the amount of meal intake. Prolonged chewing yields smaller food particles, that is, better masticatory performance (17) . This presumably increases the surface area of food particles and attracts a larger amount of fluid, resulting in increased bolus volume and subsequent gastric distention. In addition, thorough chewing results in a longer oral residence time, increasing oral sensory exposure -which could reduce food intake (18, 19) . Moreover, chewing has been shown to induce the release of histamine into the ventromedial and paraventricular nuclei of the hypothalamus, suppressing food intake in rats (20) . In humans, increasing the number of chews also results in a higher plasma level of satiety hormones, for example, glucagon-like peptide 1 and cholecystokinin (21, 22) . Increased chewing rate, on the other hand, was found to result in poorer masticatory performance (23, 24) , presumably reduced oral residence time, and less gastric distention. Both the number of chews and chewing rate might interact with one another in controlling meal intake.
As the effect of chewing rate (which could also contribute to eating speed) on meal intake, especially in a habitually paced meal, has not been studied, the present study aimed to investigate the correlation between chewing rate and the number of chews per mouthful and to evaluate if they were associated with the amount of food intake during a habitual meal. This might help elucidate the differential effect of both factors on the control of satiety and its possible implication in the control of food consumption.
Material and methods
The study was approved by the Khon Kaen University's Ethics Committee (HE572120). Participants were 20 healthy women and 10 healthy men, aged 20-24 yr, with BMI ranging from 16.4-33.1 kg m À2 , who volunteered for the study. They had at least 28 teeth, without pain or discomfort in their masticatory system. Having given consent, all subjects were instructed to prepare themselves before the experimental lunch session by having breakfast at least 3 h before the experiment in order to minimize the effect of hunger. During the session, a serving of fried rice with egg and mixed vegetables, weighing 300 g (approximately 435 kcal), the ratio of rice : egg : mixed vegetables being 1:0.3:0.5 (wt/wt/wt), was served ad libitum until participants felt satiated. Participants ate this meal at their habitual pace. The level of hunger (0 = 'not hungry at all' and 10 = 'extremely hungry'), as measured on a 10-cm visual analogue scale (VAS), was evaluated before the meal and the level of food preference (from score 0 = 'least preferable' to score 10 = 'most preferable' on the 10 cm VAS scale) was evaluated after the meal. During the test session, silver/silver chloride surface electromyography (EMG) electrodes (Duotrode; Myotronics, Kent, WA, USA), with an interelectrode distance of 19 mm, were placed over the right masseter (at the center of the muscle) and the right suprahyoid (between the lower border of the mandible and the hyoid bone) muscles, and the signals were fed into a data acquisition system (MP100; Biopac Systems, Goleta, CA, USA) for offline analyses (sampling rate 1,000 Hz, bandwidth 10-500 Hz). The bursts of masseter and suprahyoid muscle activity, recorded by EMG, were used to determine the number of chews before the first swallow of each mouthful. The chewing rate was calculated by dividing the total number of chews by the total chewing time before the first swallow for the duration of the whole meal. Meal duration was the overall time during which jaw muscle activities were observed. The weight of meal intake was determined from the difference in food weight before and after the session, and the ingestion rate was calculated by dividing the weight of the meal intake by the meal duration.
Statistical analysis
The correlations between the weight of meal intake, chewing rate, the number of chews per mouthful, and other variables of interest were estimated using the Pearson correlation coefficient. To adjust for multiple testing using the Bonferroni method, values of P < 0.0018 were considered statistically significant in the correlation analysis. Multiple linear regression analyses were performed to identify factors associated with the weight of meal intake. Residual analysis was performed to verify that the final model fulfilled the assumptions for linear regression. Tolerance and variance inflation factor were calculated to determine the presence of multicollinearity. All statistical tests were two-tailed. Data were analyzed using SPSS version 19.0 statistical software (SPSS, Chicago, IL, USA). Power calculation was performed using G*POWER version 3.1.9.2 software (25) . Based on a sample size of 30 participants and a significance level of 5% for a two-sided test, we achieved 80% power to detect a correlation coefficient of 0.49 or more. An a priori power analysis was also conducted for a linear multiple regression with the weight of meal intake as an outcome, using fixed model and R 2 deviation from zero. A sample size of 30 would yield 80% power to observe an effect size of 0.5 or more for a model with four predictors at a significance level of 5%.
Results
The mean (AESD) chewing rate among the participants was 94.4 AE 13.5 chews min À1 . The mean number of chews per mouthful was 19.2 AE 6.4. The mean weight of the meal intake was 261.4 AE 78.9 g. The mean ingestion rate was 31.2 AE 17.9 g min À1 .
Other study variables are described in Table 1 .
Bivariate correlation analysis (Table 2) showed that the number of chews per mouthful was not statistically significantly correlated with the chewing rate (r = À0.15, P = 0.42) and was not statistically significantly correlated with either the weight of meal intake (r = À0.25, P = 0.19) or meal duration (r = 0.57, P = 0.001) but was significantly correlated with the ingestion rate (r = À0.61, P < 0.0018). Chewing rate was not statistically significantly correlated with either the weight of the meal intake (r = 0.41, P = 0.03) or with the ingestion rate (r = 0.38, P = 0.04). Neither chewing rate nor the number of chews per mouthful was correlated with BMI.
The multivariable linear regression analysis showed a significantly positive association of the weight of meal intake with chewing rate, BMI, and meal duration and an inverse association with the number of chews per mouthful (Table 3) . This model explained 42% of the variation in the amount of food intake (adjusted R 2 = 0.42). Collinearity statistics indicated that this model had no multicollinearity symptoms.
Discussion
This study is one of the few to investigate the effect of chewing rate on meal intake. The results of the study demonstrate that not only the number of chews per mouthful but also the chewing rate is correlated with the weight of meal intake during a non-constraint, naturally paced meal.
The chewing rate in this study was habitual and not predetermined as this could interfere with subjects' natural chewing behavior. However, the range of chewing rate (74.4-128.5 chews min À1 ) appeared to be wide enough to observe its association with the weight of meal intake. The average chewing rate found in this Table 1 Descriptive statistics on the measurements taken during the study among the participants (n = 30) Effect of chewing rate on meal intake study (94.4 chews min À1 or 1.58 Hz) was slightly higher than the 1.1-1.4 Hz reported previously (26) (27) (28) but lower than the 1.8 Hz found by IOAKIMIDIS et al. (29) . The chewing rate is presumably pre-programmed by the central pattern generator and varies among individuals (30) . It has been shown that chewing rate varies according to the chewing phase during a chewing sequence (31) but an individual's average chewing rate is more or less the same, despite changes in food hardness (32, 33) .
Bivariate analyses showed that the number of chews per mouthful was not correlated with chewing rate, suggesting that persons who chew fast do not necessarily chew less. This correlation might depend on the context of the meal being consumed. It may be speculated that in a hurried lunch, one might chew and swallow quickly because of time constraints. In an intervention study, SMIT et al. (10) showed that a forced increase in the number of chews also increased the chewing rate. However, such an association might not apply to the non-constrained meal studied here. The correlation between the number of chews and the ingestion rate was similar to that reported by ZHU & HOLLIS (34) . The levels of hunger and preference for the test food did not seem to affect the amount of meal intake in our subjects because they were not significantly correlated.
When adjusted for meal duration and BMI, the weight of meal intake was statistically significantly negatively associated with the number of chews per mouthful and positively associated with the chewing rate. This finding supports previous studies which have demonstrated the effect of thorough chewing on the reduction of food consumption (5, 6, 8) . However, it is not clear how chewing food slowly is able to reduce meal consumption. Apart from better food comminution, which presumably leads to more gastric distention, slow chewing might increase the oral residence time and subsequently increase the contact time between food and dental/oral receptors. This could lead to release of higher levels of neuronal histamine and subsequently result in a satiety level similar to that proposed for the effect of prolonged chewing (20) . It was noted in the bivariate analysis that ingestion rate was correlated with the number of chews, but not with chewing rate; hence, the effect of decreased chewing rate on meal intake might also be explained as occurring though a different mechanism.
Although previous studies have demonstrated a correlation between eating speed and BMI, BMI values in this study were not statistically significantly correlated with either the number of chews per mouthful or the chewing rate. Previous studies have also shown no significant difference in chewing rate between normal and Table 2 Pearson correlation coefficients describing correlations among study variables obese subjects (4, 13, 14) . This could be because overweight is also determined by genetics and other environmental factors (e.g. types of diet, between-meal intake, and physical activity); hence, increased meal intake might not always lead to obesity. It was also noted that after being adjusted for multiple testing, chewing rate was not statistically significantly associated with the ingestion rate. This suggests that although both chewing rate and the number of chews seemed to contribute to a person's eating speed, the association between eating speed and BMI in previous studies might not be explained by the chewing rate.
Within the limitations of the study it may be concluded that chewing rate is not correlated with the number of chews per mouthful. In addition, meal intake was associated with the number of chews, the chewing rate, the meal duration, and BMI. Despite being an observational study, the results indicate differential effects of the number of chews and chewing rate on food intake.
